INTRODUCTION
Most 3' ends of eukaryotic messenger RNAs are generated by endonucleolytic cleavage and subsequent addition of a poly(A) tail of-250 residues [for reviews see (1) (2) (3) ]. The poly(A) tail is thought to be important for the turnover of the mRNA, for its export from the nucleus and for translation (3) (4) (5) . In vivo, cleavage and polyadenylation are tightly coupled and depend on protein factors as well as signals on the RNA transcript. In mammals, the processing reaction depends on the canonical AAUAAA polyadenylation signal that is located 10-35 nucleotides upstream of the cleavage site, and on a less well defined U or G/U rich downstream element The AAUAAA sequence is highly conserved and very responsive to mutations and modifications (6, 7) . In vitro, the polyadenylation reaction can be uncoupled from the cleavage reaction and both steps can therefore be studied separately (8) . The cleavage of the precursor depends on the cleavage and polyadenylation specificity factor [CPSF; (9) (10) (11) (12) ], the cleavage stimulation factor [CstF; (13) ], cleavage factors I and II [CFI/II; (12, 14) ] and poly(A) polymerase [PAP; (12, 14) ]. The second reaction step, processive addition of the poly(A) tail, requires CPSF, PAP and poly(A) binding protein n [PAB II; (15, 16) ]. Among the cleavage factors, direct interaction with the RNA substrate has been shown for CstF and CPSF (13, (17) (18) (19) . CstF binds to the downstream element, as indicated by UV-crosslinking and RNAse H digestion (20) , whereas the AAUAAA signal is directly bound by CPSF (17, 21) .
CPSF has been purified from calf thymus and HeLa cells and consists of four polypeptides with apparent molecular masses of 160, 100, 73 and 30 kDa, only three of which are probably essential for the activity in vitro (9, 11) . So far, only the 100 kDa subunit has been cloned (21) . UV-crosslinking experiments with RNA substrates containing a functional polyadenylation signal have shown that the 160 kDa subunit is in close contact with the RNA (17, 18, 21) . It is therefore very likely that this subunit is involved in the RNA recognition step of the polyadenylation reaction.
Here we report the cloning of cDNAs coding for the 160 kDa subunit of CPSF. Its amino acid sequence shows similarities to a UV-damaged DNA binding protein (UVdDb) from the African green monkey. The C-terminal region can be aligned to several additional proteins, some of which have already been proposed to share similarities with UVdDb. Surprisingly, the sequence does not contain a known RNA binding motif. Polyclonal antibodies were raised against a bacterially expressed fragment of the cDNA. These antibodies detect the 160 kDa subunit of CPSF in partially purified fractions as well as in samples immunoprecipitated with antibodies raised against the 100 kDa subunit of CPSF.
METHODS

Oligonudeo tides
L385': CCCA47TCAARATHGG1ACIACICC (6-fold degenerated); L383T1: CCCTCC/lCRAARTGIGaGTIAaCG (4-fold degenerated); L383T2: CCGrCG/lCRAARTGIGCIGTIACYCT (8-fold degenerated); Anchor TTAGCCGCCCCCrTTAGTGAGGGTTAATTrCGTddA; T3LZAP: CGAAATTAACCCTCACTAAAG; NIRace: CGAGGCCGGTGGGCGGATGC; NS1: CCTGCTTGTACACAGCGTAC. R = A, G; Y = T, C; H = A, T, C; I = inosine. Letters in italics correspond to added restriction sites.
* To whom correspondence should be addressed Downloaded from https://academic.oup.com/nar/article-abstract/23/14/2629/1016898/Cloning-of-CDNAs-encoding-the-160-kDa-subunit-of by WWZ Bibliothek (Oeffentliche Bibliotherk der UniversitÃ¤t Basel) user on 10 October 2017 Protein sequencing CPSF was purified from calf thymus total extract as described previously (9) . CPSF [poly(A) Sepharose pool] corresponding to 54 jig of the 160 kDa subunit (340 pmol) was concentrated in Centricon-30 microconcentrators (Amicon), separated on a preparative 6% SDS-polyacrylamide gel (22) and blotted onto nitrocellulose with a semi-dry blotter (23) . The blot was stained with Ponceau S (Sigma), the band migrating at 160 kDa excised (30 mm x 3.5 mm) and washed with H2O. In situ protein digestion with endo-LysC, HPLC purification and peptide sequencing was performed by Dr William Lane, Harvard Microsequencing Facility, Cambridge, MA.
Reverse transcription and polymerase chain reaction
Both ends of peptide L38 (23 amino acids) were used to design PCR primers containing inosines at positions of 4-fold degeneracy. One microgram of calf thymus poly(A) + RNA (24) was reverse transcribed with either random hexamer primers (40 ng), oligo-dT (500 ng), oligonucleotide L383'P1 or L383'P2 (70 ng each) and Superscript reverse transcriptase (Gibco), as recommended by the manufacturer. The cDNA was purified with the Qiaquick spin PCR product purification kit (Diagen). Five percent of the cDNA and 50 pmol of each primer were used per 50 |il PCR reaction. Amplification of the cDNA was done in an OmniGene thermal cycler (AMS) with addition of Supertaq polymerase (Stehelin, Basel) after an initial denaturation step of 3 min at 94°C. Denaturation was for 30 s at 94°C, extension for 30 s at 72°C. The annealing condition of the first 5 cycles was 38°C for 30 s, for the 30 following cycles annealing was done at 50°C for 30 s. After the last cycle, the reaction was incubated for 5 min at 72°C. The reaction products were precipitated with ethanol and loaded on a 8% polyacrylamide gel in 0.5x TBE (24) . After staining the gel with ethidium bromide, the band with the expected size of 85 nt was excised, reamplified and gel-purified again. The PCR product was sequenced directly with 50 ng of the PCR primers L385' and L383T1.
Isolation of cDNAs encoding the 160 kDa subunit of CPSF and Northern blots 5 x ^colonies of an oligo-dT primed calf thymus cDNA plasmid library (21) and 7.5 x 1CP p.f.u. of a random and oligo-dT primed calf aorta endothelial cDNA library in XZAPII (Stratagene # 936705) were screened with the PCR product as probe. The phage library was screened in duplicate at a density of 5 x 10 4 p.f.u. per 150 mm plate with Hybond N + filters (Amersham). The plasmid library was screened at a density of 2.5 x 10 4 colonies per 150 mm plate with reinforced nitrocellulose filters (Schleicher and Schuell). Filter lifting procedures were as suggested by the manufacturers, except that the colony lifts were neutralised twice with 1 M ammonium acetate (pH 7.5), followed by a treatment with CHCI3 for 45 s (24) and baking in a vacuum oven at 80°C for 2 h.
After denaturation, 50 ng PCR product was labeled with Klenow enzyme with L385' and L383TM as primers and [a- 32 P]dATP for 30 min at 30°C. The reaction was then heat-denatured again and fresh enzyme was added. After another 30 min at 37_°C, the reaction was chased with 1 (jJ of 10 mM dNTPs for 10 min and purified over a Sephadex G-25 spin column. The filters were hybridised overnight at 42°C in 40% formamide, 5x Denhardt's, 6x SSC, 1% SDS, 1 mM EDTA, 100 ng/ml denatured salmon sperm DNA (24) . They were then washed twice for 15 min at room temperature in 2x SSC, 0.1% SDS followed by 20 min at 60°C in 1 x SSC, 0.1 % SDS and exposed overnight to Kodak X-OMAT AR films with an intensifying screen. Five clones from the calf thymus library were purified and analysed. The originally 39 positive clones of the aorta library were characterised by PCR (25) and the longest ones purified and mapped. ExoIII deletions (26) of the longest clone, CA#15, were prepared (Erase-a-Base system, Promega) and sequenced.
The N-terminal EcoRl (linker) Sad fragment of CA#15 ( Fig. 1 ) was used as a probe to rescreen the calf aorta library under high stringency conditions [50% formamide, (24) ]. The resulting 22 clones were again characterised by PCR and the longest ones were plaque purified. The clone extending farthest into the N-terminal region (N#l) was sequenced. To obtain sequence lying more 5' to N#l, ligation-anchored RACE was performed as described (27) , except that the cDNA was purified over a PCR Qiaquick spin column (Diagen) before ligation to the anchor. After the ligation, the cDNA was purified twice over a PCR Qiaquick spin column in the presence of 10 (ig tRNA to remove any residual oligonucleotide. Two rounds of amplification (35 cycles each) were performed at an annealing temperature of 50 °C, each with the primer T3LZAP (complementary to the anchor) and the nested primers N1RACE (nucleotides 174-155) and NS1 (nucleotides 153-134), respectively. The products were gel purified, reamplified and subcloned into the Notl and £coRV sites of pBluescript-IISK + (Stratagene) and sequenced.
All sequences were determined on an Applied Biosystems 373A sequencer with dye terminators according to the manufacturers instructions and assembled with the SeqMan program (DNA-Star). Every base was sequenced at least once on both strands. DNA and translated protein sequences were analysed with the GCG software package (28) . Databases were searched with FASTA and TFASTA (29) .
For Northern blot analysis, 1 (ig calf thymus poly(A) + RNA was separated on a denaturing formaldehyde gel (24), blotted onto Hybond N + membrane (Amersham) and UV crosslinked in a Stratalinker (Stratagene). Digoxygenine-labelled antisense RNAs were transcribed from Kpril (polylinker) linearised clones CA#15 and N#l with T3 RNA polymerase. Hybridisation and chemiluminescent detection were performed according to the instructions of the manufacturer (Boehringer Mannheim), except that the blocking time before the antibody incubation was extended to 3 h. The blots were exposed to Kodak XOMAT AR film for 15 min.
Production of polyclonal antibodies, immunoprecipitation and Western blotting
The C-terminal BamHl (Fig. 1) to HindlU (polylinker) of clone CA#15 was cloned in frame into the corresponding sites of pQE.11 (Diagen) behind a tag of six histidines. The construct was transformed into Escherichia coli strain SGI3009 (Diagen) containing the lac repressor plasmid pREP4. LB cultures (500 ml) were induced at an ODgoo of 0.7 with 1 mM isopropyl-P-D-galactopyranoside and grown for additional 5 h at 37 °C. The fusion protein was purified under denaturing conditions over a Ni(ll)-nitrilotriacetic acid agarose column as suggested by the manufacturer (Diagen). A New Zealand white rabbit was immunised with 100 ng fusion protein emulsified with Freund's complete adjuvant. After 4 weeks, a booster injection of 20 (ig protein (SDS-polyacrylamide gel purified), emulsified with 600 (il Specol (Central Veterinary Institute, Netherlands) was given. In intervals of 4 weeks, two additional booster injections of 100 ^.g fusion protein emulsified with Specol were applied. The serum (serum # 0680) was affinity-purified on antigen adsorbed to nitrocellulose (30) .
For Western blotting, CPSF samples were separated over a 9% SDS-polyacrylamide gel and transferred to nitrocellulose with a semi-dry system (23) . The blots were blocked with 5% w/v low fat dry milk in phosphate buffered saline (PBS), 0.05% v/v Tween 20 (PBST). They were then incubated in a 1:500 dilution of the affinity purified antibody in PBST for 3 h, washed four times for 15 min with PBST, incubated with horseradish peroxidasecoupled swine anti-rabbit antibody (DAKO) diluted 1:2000 in PBST for 1 h and washed again with four changes of PBST. The signal was detected with the ECL system (Amersham).
Immunoprecipitation of purified CPSF [Superose 6 fraction; (9,21)] was done as described in Jenny et al. (21) with an equivalent of 200 ng of the 160 kDa subunit.
In vitro translation
A construct containing the entire open reading frame of the 160 kDa subunit of CPSF was made by replacing the SfH (Fig. 1 S]methionine according to the instructions of the manufacturer (Promega). After separation, SDS-polyacrylamide gels were fixed, incubated in 1 M Na-salicylate, dried and exposed to Kodak XOMAT-AR films.
Polyadenylation assays
A Blue Sepharose pool of CPSF (9) obtained from 2 kg calf thymus was loaded onto a 250 ml Heparin Sepharose column and eluted with a six column volume gradient of 50-300 mM KCI (9) . Aliquots (2 \ii) of the 20 ml fractions were loaded on a 9% SDS-polyacrylamide gel and used for Western blot analysis. Aliquots (0.5 pj) of the fractions were assayed for specific polyadenylation activity as described earlier (16) , except that the incubation temperature was 30°C.
RESULTS AND DISCUSSION
Cloning and sequencing of the 160 kDa subunit of CPSF
The cleavage and polyadenylation specificity factor (CPSF) was purified as described previously (9) . Approximately 340 pmol CPSF corresponding to 54 ng 160 kDa subunit were separated on a preparative 6% SDS-polyacrylamide gel and blotted onto nitrocellulose. The protein was digested in situ with lysyl-endopeptidase, and the resulting peptides were purified by reverse phase HPLC chromatography. Only four peptide-containing fractions could be identified and were sequenced. Two of the fractions gave double sequences. The six sequenced peptides are indicated in Figure 3 (underlined twice). Peptide L38, which turned out to be at the C-terminus, was used to design PCR primers that were only 4-(L383'P 1) to 8-(L383'P2) fold degenerate and that contained up to four inosines (Ll&STl). Amplification of calf thymus cDNA with these primers gave a band with the expected length of 85 nt. After reamplification, the fragment was sequenced directly with the PCR primers to confirm that it encoded the internal amino acids of the sequenced peptide. Using this PCR fragment as probe, we screened a calf thymus and a calf aorta cDN A library. The longest clone (CA#15; Fig. 1 ) contained an insert of 3 kb. Its N-terminal Sac\ fragment was used to screen the calf aorta library again in order to find cDNA clones covering the N-terminus of the CPSF 160 kDa subunit The clone extending the most in the N-terminal direction (N#l; Fig 1) contained an insert of 3.3 kb. Both cDNA clones were sequenced completely from nested deletions.
A Northern blot analysis of calf thymus poly(A) + RNA confirmed that both clones recognised the same mRNAs and that neither of them contained unrelated gene fusions. Both probes revealed two strong bands of 5.1 and 5.7 kb and a less prominent band of 6.5 kb (Fig. 2) . As judged by the short exposure time of 15 min, the transcripts are abundant. The open reading frame (see below) was not blocked in front of the potential initiation codon. Since two additional rounds of cDNA library screening with N-terminal probes did not extend the sequences at the 5' end considerably (data not shown), we amplified cDNA extending towards the 5' region by ligation-anchored RACE (27) . The longest product we were able to amplify extended the known sequence by 126 nt (RACE in Fig. 1 ), but still contained no stop codon in front of the presumed initiation codon.
The assembled clones span 4488 bp and encode a protein of 1444 amino acids (Fig. 3) with a predicted molecular weight of 161 213 Da and a pi of 6.4. The cDNA clones were random-primed and contain only 22 bp 3' untranslated region, which is probably the main reason for the discrepancy between the cDNA length and the message sizes detected on the Northern blot The open reading frame contains all six endoLys-C peptides (underlined twice in Fig. 3 ). Peptide L38 turned out to be the C-terminus and accordingly, it does not end with a lysine. In addition, the reading frame contains six tryptic peptides from a previous sequencing attempt (S. Bienroth, P. Jeno and W. K., unpublished; underlined once in Fig. 3 ). The identified peptides are equally dispersed over the entire open reading frame, which is a good indication for.the accuracy of the sequence. The amino acid composition and distribution is that of an average protein except that lysines are undemepresented [63%; (31) ]. The open reading frame does not encode any of the tryptic peptide fragments obtained from the 30 kDa subunit of CPSF (not shown).
Identity of the encoded protein
To prove the identity of the cloned protein, we subcloned the C-terminal Bamltt fragment of clone CA#15 (Fig. 1) into a HIS-tag expression vector. The resulting protein fragment of 38 kDa was overexpressed in Escherichia coli, purified on a Ni-NTA column and used to generate polyclonal antibodies. Purified CPSF [Superose 6 fraction; (9)] was then immunoprecipitated with the monoclonal antibody J1/27 recognizing the 100 kDa subunit of CPSF (21) . Since this antibody precipitates all four subunits of CPSF (21) uon was carried out with an unrelated monoclonal antibody (lane 3) or when no CPSF was added to the immunoprecipitation (lane 4). The signal detected at lower molecular weights is due to a weak cross-reactivity of the peroxidase-labeled secondary antibody with the monoclonal antibody used for the immunoprecipitation.
A cDNA clone was constructed containing the complete open reading frame. RNA transcribed from this construct was then translated in vitro in the presence of labeled [ 35 S]methionine. The translation products were either immunoprecipitated with the monoclonal antibody J1/6 that recognizes the 160 kDa subunit of CPSF (21) , or separated directly on a 6% SDS-polyacrylamide gel. Lane 4 in Figure 4B shows the complete in vitro translation reaction with its largest band exactly comigrating with the 160 kDa subunit of purified CPSF, which had been loaded in lane 3. The migration of the three large subunits of CPSF was marked after staining the gel with Coomassie Brilliant Blue; however, the gel was destained during the salicylation procedure. Therefore, the bands cannot be seen on the photograph. Because many intermediate translation products were visible, we used the monoclonal antibody J1/6 to immunoprecipitate the 160 kDa protein from the translation mixture (lane 2). An unrelated monoclonal antibody did not immunoprecipitate any of the in vitro translated proteins (lane 1). Thus, the results shown in Figure 4 clearly demonstrate that the cloned cDNAs code for the 160 kDa subunit of CPSF. As mentioned above, the potential translation start codon is not preceded by a stop codon upstream in the sequence. The N-terminus is blocked and could not be sequenced on the protein level (S. Bienroth, P. Jeno, A. J. and W. K., unpublished results). Nevertheless, we consider this start to be authentic for the following reasons. The known 131 bp of the leader sequence is very G/C rich (74%), which is a commonly found feature of eukaryotic genes (32) . This high G/C content is probably also the reason why it was difficult to find sequences extending upstream of the initiation codon. Indeed, primer extension products were shorter than the RACE product (data not shown), probably because of spontaneous stops of the reverse transcriptase due to secondary structures formed by the G/C rich sequence. The nucleotides surrounding the methionine (AGC GCC ATG T) resemble the consensus proposed by Kozak (33) (GCC RCC ATG G). The most important nucleotide at position -3 matches this consensus. The severest deviation from the consensus is the T at position +4 that occurs with a frequency of 15% (32) . Furthermore, the predicted molecular weight of 161.2 kDa agrees well with the apparent molecular mass of 160-165 kDa on SDS-polyacrylamide gels (9, 11) . The in vitro translated protein comigrates with the 160 kDa subunit of purified CPSF on 6% SDS-polyacrylamide gels, on which the resolution of high molecular weight proteins is good (Fig. 4B) . We therefore assume that we have identified the correct initiation codon.
We have also investigated whether the ann'serum raised against the C-terminal fragment expressed in E.coli detects the 160 kDa subunit of CPSF during CPSF purification. The CPSF activity profile over a Heparin Sepharose column is shown in Figure 5A (9). When complemented with PAP, the precleaved L3 RNA substrate is specifically polyadenylated in fractions where CPSF elutes (fractions . The lane marked P contained only PAP, the one marked IP shows the activity of the Blue Sepharose pool loaded onto the column. As is clearly visible in Figure 5B , the affinity-purified ann'serum recognises a protein with an apparent molecular mass of 160 kDa that coelutes with the CPSF activity. The same behaviour was observed on a DEAE column and on a Superose 6 gel filtration column (data not shown). This constitutes additional proof for the identity of the cloned cDNAs. 
Sequence motifs and similarities
In contrast to the 100 kDa subunit of CPSF (21) the 160 kDa subunit contains a potential nuclear localisation signal of the bipartite type between position 894 and 909 [ Fig. 3; (34) ]. Two consecutive basic amino acids are followed by a spacer of nine amino acids and another three basic amino acids within the next five residues. The typical length of a spacer is 10 amino acids; however, the function of the a nuclear localisation signal is relatively insensitive to changes of the spacer distance (35) . For example, a mutant construct of the influenza virus polymerase basic protein I containing a spacer sequence of only nine amino acids is still transported to the nucleus (36) . It has been shown that the 160 kDa subunit of CPSF can be crosslinked to functional polyadenylation substrates (17, 21) ; nevertheless, no known RNA binding motif is present in the sequence (42) . Neither a RNP-type RNA binding domain, nor a KH, a RGG domain, or an arginine cluster is present Attempts to map a new type of RNA binding domain by expressing smaller protein fragments of the 160 kDa subunit in E.coli have failed so far because most of the fragments were insoluble (data not shown).
Searches of the EMBL and GenBank data libraries with the program TFASTA (29) revealed several human expressed sequence tags matching the 160 kDa subunit of bovine CPSF (accession numbers M78983; T60206; T59068;T19254; T19414). Except for the sequence tag M78983, that spans the region between residues 298 and 406, they all map to the region between amino acids 1066 and 1252. The identity of M78983 to the 160 kDa subunit of CPSF is 85% on the nucleotide level and 83% on the amino acid sequence level. The identities of the other tags are better than 90%. All of them contain at least one frame shift when compared to the amino acid sequence of bovine CPSF.
Searching the Swissprot database with the FASTA program (29) revealed an additional similarity with a UV-damaged DNA binding protein (UVdDb) defective in some Xeroderma pigmentosum group E patients [(37); accession number S38777]. The overall similarity is 50%. Although the overall identity is only 24%, the alignment scores of the UVdDb and the 160 kDa subunit of CPSF are significantly higher than the average score of 10 randomised sequences with the same amino acid composition. Interestingly, the C-terminal end of the UVdDb has been previously aligned to three other sequences (37) : a human open reading frame 399 (38) with an incomplete N-terminus, a hypothetical protein from the slime mold D.discoideum (39) and an expressed sequence tag from rice (40) . We have aligned the C-termini of these four proteins with the C-terminus of the CPSF 160 kDa subunit and an additional similar sequence, the open reading frame YM9827.03C on chromosome XIII of Sacchammyces cerevisiae (41) . 
